Background-Essential tremor (ET) is one of the most common neurological diseases. A basic understanding of its neuropathology is now emerging. Aside from Purkinje cell loss, a prominent finding is an abundance of torpedoes (rounded swellings of Purkinje cell axons). Such swellings often result from the mis-accumulation of cell constituents. Identifying the basic nature of these accumulations is an important step in understanding the underlying disease process. Torpedoes, only recently identified in ET, have not yet been characterized ultrastructurally.
Introduction
Essential tremor (ET) is a progressive and highly-prevalent, age-associated neurological disease [3, 9] . Treatment options are limited, in part because the disease mechanisms have remained elusive [30] . Until recently, there had been few postmortems. With more intensive efforts to perform detailed postmortems; however, an understanding of the basic anatomic pathology is beginning to emerge. The majority of ET brains have pathological changes involving the cerebellum [1, 15, 16, 18, 28] . In addition to a modest yet significant loss of Purkinje cells, we have found in previous work that torpedoes are a prominent finding (six to seven times more abundant than in age-matched control brains) [15, 16, 18] . Based on these findings, the notion that this disorder might be degenerative has been proposed [16] . The torpedo is a rounded swelling of the proximal portion of the Purkinje cell axon; the swelling is thought to result from the mis-accumulation of normal or abnormal cell constituents in disease states. In primary cerebellar degenerative conditions, torpedoes consist primarily of neurofilament mis-accumulations [24] . We used both light and electron microscopy to further characterize the structural constituents of torpedoes in patients with ET, a disorder which similarly may be neurodegenerative.
Methods

Brain Collection
ET brains were prospectively-collected at the Essential Tremor Centralized Brain Repository (ETCBR) at Columbia University. As described previously [1, 15] , brains were collected from members of the International Essential Tremor Foundation who during life had expressed an interest in brain donation. Each had been diagnosed during life with ET and additionally, as detailed previously [15] , an ETCBR neurologist who specialized in movement disorders reconfirmed their diagnoses using ETCBR diagnostic criteria. All brains were well characterized, including complete neuropathological assessment and determination of any pathological findings [15] . As part of that assessment, a 3 × 20 × 25 mm parasagittal tissue block that came from the same region of the neocerebellum and including, in continuity, the cerebellar cortex, white matter and dentate nucleus was harvested from each brain and then immersion-fixed in 10% buffered formalin. Paraffin sections (7 µm) were stained with Luxol Fast Blue and Hematoxylin and Eosin (LH&E) for general tissue survey and quantification of torpedoes [15, 17, 18] . The numbers of torpedoes in one entire LH&E section and another entire Bielschowsky-stained section were counted, as described previously [15] . Purkinje cells were quantified as described previously [15] . We have shown that our counts on one section correlate robustly with counts on other sections from the same cases (r = 0.86, p <0.001), indicating that repeat sectioning and counting yields similar results. For the current analyses, we selected four ET cases with high torpedo counts.
Neurofilament Immunohistochemistry
Formalin-fixed tissue from the cerebellar cortex was sectioned (100 µm) using a TPI vibratome (TPI, St. Louis, MO). Sections were incubated in 0.1% proteinase-K (Sigma, St. Louis, MO), 10 mM TRIS (pH 8.0), and 0.1 mM EDTA at 37 ºC (10 minutes) and then at room temperature (20 minutes). Sections were washed in phosphate-buffered saline, pH 7.4 (PBS) before a 30 minute incubation in 3% H 2 O 2 and then re-washed before a 2 hour antibody block (10% normal goat serum, 1% bovine serum albumin, 0.5 % Triton X in PBS) at room temperature. Sections were rinsed in PBS and then incubated overnight at 4 ºC in a monoclonal phosphorylated neurofilament antibody in 1% bovine serum albumin, 0.5 % Triton X in PBS (SMI-31, Covance, Emeryville, CA; 1:1000). Sections were washed again and then treated for 2 hours at room temperature with secondary antibody (peroxidase conjugated goat anti-mouse IgG) (Jackson Immunoresearch, West Grove, PA), and then visualized with chromogen 3,3-diaminobenzidine (DAB, Vector Labs, Burlingame, CA). For double-labeling immunofluorescence, 7 µm-thick paraffin-embedded sections were rehydrated, treated with Trilogy solution (Cell Marque, Rocklin, CA) in a conventional steamer for 40 minutes, and blocked with Image-iT FX Signal Enhancer (Invitrogen, Carlsbad, CA) for 30 minutes. Sections were incubated with rabbit polyclonal anti-calbindin-D28k (Sigma Chemical Co., St. Louis, MO) and mouse monoclonal SMI-31 (Covance, Princeton, NJ) in antibody diluent (Dako, Glostrup, Denmark) 1:1000 at 4 °C overnight. Sections were then incubated with antirabbit and anti-mouse goat secondary antibodies conjugated to Alexa Fluor 488 and Alexa Fluor 595, respectively (Invitrogen, Carlsbad, CA) in Dako antibody diluent 1:1000 at room temperature for one hour. All washes were done in 10 mM PBS-Triton X.
Electron Microscopy
Flat Eponate 12 (Ted Pella, Redding, CA) embedded vibratome sections of cerebellar cortical tissue were dissected into 3 × 4 mm sections and re-embedded in the same resin. Semi-thin sections were then stained with toluidine blue and examined by light microscopy for torpedoes. Once a torpedo was identified on semi-thin section, the block was further trimmed around the torpedo to the size required for ultrathin sectioning. Ultrathin sections were stained with uranyl acetate and lead citrate and then examined by transmission electron microscope (JEOL 1200EXII, Peabody, MA).
Results
The four ET cases (median age at death = 89.5 years, all women, median duration of tremor = 42.5 years) had high torpedo counts (17.8 ± 3.5 per LH&E-stained section and 22.0 ± 9.7 per Bielschowsky-stained section) and low Purkinje cell counts (5.7 ± 2.9 per 100x field). On LH&E stained sections, as demonstrated previously (Figure 2 in [16] and Figure 2 in [17] ), the torpedoes appeared in the granular layer, near the origin of the Purkinje cell axons, as rounded or ovoid structures, having a homogeneous, glassy, eosinophilic appearance. Immunoreactivity for phosphorylated neurofilament protein revealed a discrete pattern of labeling in each case (Figure 1 ). Immunoreactivity was concentrated in basket cell processes in the Purkinje cell layer and axonal processes in the lower molecular layer, which likely represent parallel fibers. Torpedoes were strongly immunoreactive, providing a distinct contrast between more weakly stained axonal profiles in the granule cell layer; in many instances, two or more torpedoes were observed in close proximity to one another ( Figure 1A, D) . The torpedoes had a characteristic ovoid shape and, in most instances, the thin, flanking segments of the axon in continuity to the torpedo were also strongly immunoreactive. Occasional Purkinje cell somata and dendrites were also immunoreactive ( Figure 1B, C, D) ; in some instances the axonal process associated with these labeled Purkinje cells contained a torpedo. Thirty-four (94.4%) of 36 torpedoes that were immunoreactive for calbindin were immunoreactive for phosphorylated neurofilament protein as well (Figure 2 ).
Electron microscopy revealed an absence of myelin around the torpedo in each of the three cases. The torpedo was filled with numerous randomly-arranged neurofilaments, measuring 10 -12nm in diameter ( Figures 3 and 4) ; there was no consistent orientation of these neurofilaments, which were cut longitudinally, diagonally, or transversely. Scattered mitochondria and stacks of smooth endoplasmic reticulum were also noted among the neurofilaments. These organelles also occurred particularly at the periphery of the torpedo, where their concentration was the greatest (Figure 4) . The mitochondria were often intimately associated with the smooth endoplasmic reticulum. A few autophagic vacuoles were also observed ( Figure 3A ).
Discussion
In light microscopic studies [1, 15] , we have found that torpedoes are a prominent finding in ET. In primary cerebellar degenerative conditions, torpedoes consist primarily of neurofilament mis-accumulations [24] . The notion that ET is a degenerative disease is relatively new and the ultrastructural features of these lesions had not previously characterized in ET.
Torpedoes occur when cellular material over-accumulates in the Purkinje cell axon, resulting in a swelling. Depending on the underlying disease mechanism, the accumulated material can differ. In this study, we demonstrated that torpedoes in ET consist of mis-accumulation of disordered neurofilaments. Other structures (mitochondria and endoplasmic reticulum) were also abundant, especially at the periphery of the torpedo, where they may have been displaced by the disorganized accumulation of neurofilaments.
Neurofilaments represent the predominant filamentous structures in the axon and they are essential for axonal maintenance [14] . Neurofilament-filled axonal swellings can occur in neurons other than Purkinje cells. In spinal motor neurons, these neurofilament-filled axonal swellings, referred to as "spheroids", have long been known to be a pathological hallmark of fundamental importance in motor neuron diseases, including amyotrophic lateral sclerosis and infantile spinal muscular atrophy [2, 4, 7, 8, 14, 29] . Neurofilament mis-accumulations and resulting axonal swellings are thought to inhibit both anterograde and retrograde axonal transports, ultimately leading to cell "strangulation" [2, 6, 14, 25] . This strangulation then leads to the selective degeneration, and eventually death, of these neurons [19, 21, 22, 26, 27] . Thus, defects in transport of neurofilaments clearly lead to abnormal accumulations of axonal intermediate filaments and neuronal degenerative changes [14, 29] . The pathological accumulation of phosphorylated neurofilament epitopes in occasional Purkinje cell bodies and dendrites in ET cases further suggests that impaired axoplasmic transport may play a role in this disorder [11, 13] .
There have been very few electron microscopic studies of torpedoes and none of torpedoes in ET. Prior studies include a report of biopsy tissue from a five-year old boy with a cerebellar astrocytoma [20] , an autopsy case with "circulatory disturbances" [23] , and two cases of olivopontocerebellar atrophy [24] ; in each of these electron microscopic studies, torpedoes were also comprised of a mis-accumulation of disorganized neurofilaments and cellular organelles. In all three ET cases in this study, the torpedoes examined ultrastructurally were unmyelinated, suggesting their origin within the initial segment of the Purkinje cell axon per se or a nearby demyelinated proximal segment [20] . The spheroids in amyotrophic lateral sclerosis also occur in the proximal portion of the motor neuron axon, although these are also observed in myelinated segments [10] . While mouse models employing abnormal expression of the various neurofilament proteins often result in spheroids in proximal spinal motor neuron axons [14] , overexpression of the !-internexin neuronal intermediate filament protein led to numerous cerebellar torpedoes in myelinated segments of Purkinje cell axons [5] . Ultrastructural identification of the connection of a torpedo to its parent axon is needed to more closely define the point of axonal dysfunction in ET.
This was a focused study of the structural characteristics of torpedoes in ET; future study of additional structural changes in ET as well as other forms of cerebellar degeneration would be of interest.
We demonstrated that the swellings in the ET axon represent the mis-accumulation of disorganized neurofilaments and organelles. It is not known where in the pathogenic cascade these accumulations occur. One possibility is that these filament accumulations are a primary or initiating event. For example, in motor neuron disease, glycation products, perhaps through the generation of neurofilament aggregates, are thought to play an early role in the pathomechanism [12] . A second possibility is that these filament accumulations represent a secondary or downstream occurrence in the molecular pathological cascade. A third possibility is that they may represent an attempt at axonal and cellular reorganization and regeneration. Further study of these structures within the context of the pathological anatomy of this common yet poorly-understood disease is warranted. Case 1. On electron microscopy, (4A) mitochondria (arrows) (10,000x magnification) and (4B) smooth endoplasmic reticulum (arrows) (15,000x magnification) are present predominantly at the periphery of the torpedo, and are often intimately associated.
